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Abstract To explore the traits contributing to inva-

sion success of Eupatorium adenophorum, a noxious

invasive perennial forb throughout the subtropics in

Asia, Oceania, Africa, and USA, we compared the

differences in ecophysiology and phenology between

the invader and native E. japonicum under eight

treatment combinations of two irradiances and four

nitrogen additions in a two-year shadehouse experi-

ment. The invader had significantly higher mass-based

light-saturated photosynthetic rate (Pmax) than its

native congener in all treatments, contributing to

higher photosynthetic nitrogen-, phosphorus-, and

energy-use efficiencies. The higher Pmax of the

invader was associated with its higher nitrogen

concentrations in the photosynthetic apparatus, which

resulted from higher leaf nitrogen allocation to

photosynthesis. The invader had higher specific leaf

area and stomatal conductance at most of the treat-

ments, also contributing to its higher Pmax. The

invader was not constrained by the negative correla-

tion between leaf lifespan and specific leaf area or

Pmax. Leaf lifespan and total leaf area of the invader

were greater than those of the native. From November

to March the native congener was leafless, whereas the

invader maintained a large area of leaves with

relatively high Pmax. Biomass accumulated in these

months accounted for more than 40 % of the total

biomass of the invader. Our results indicate that both

the ability to capture and utilize resources efficiently

and the ability to use resources when they are

unavailable to natives contribute to invasion success
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of E. adenophorum and emphasize the importance of

exploring multiple, non-mutually exclusive mecha-

nisms for invasions.

Keywords Benefit–cost analysis �Construction cost �
Nitrogen allocation � Photosynthetic energy-use

efficiency � Leaf phenology � Specific leaf area

Introduction

Many plant species have been intentionally or acci-

dentally introduced outside their original habitats by

humans. A small proportion of them have become

invasive, changing species composition, structure, and

function of invaded ecosystems and posing great

economic and biological threats worldwide (Pimentel

et al. 2001; Xu et al. 2006). Understanding the

mechanisms underlying biological invasions is a

necessary first step to predict and control the spread

of invasive species (Pyšek and Richardson 2007).

Growth rate is a vital trait for plants because both

survival and reproduction rely on it. High growth rate,

which is associated with high photosynthetic rate, has

been found to contribute to invasiveness of some alien

plants (Zheng et al. 2009; Dawson et al. 2011;

Lamarque et al. 2011). Thus, comparisons of photo-

synthesis and related traits between invasive and non-

invasive plant species may help understand funda-

mental aspects of plant invasions (Baruch and Gold-

stein 1999; Feng et al. 2009). For example, increasing

leaf nitrogen (N) concentration (NL) and/or N alloca-

tion to photosynthesis may promote invasiveness of

alien plants by increasing photosynthetic capacity

(Feng et al. 2007; Mozdzer and Zieman 2010).

Increased N allocation to photosynthesis may also

lead to increased photosynthetic N- and phosphorus

(P)-use efficiencies (PNUE and PPUE), facilitating

invasion success of alien plants even in resource-poor

environments (Feng et al. 2007, 2009; Funk and

Vitousek 2007).

Cell walls are another major N sink (Lambers and

Poorter 1992) because they contain many structural

and functional proteins. A tradeoff for N allocation to

cell walls versus photosynthesis has been documented

for some plant species (Onoda et al. 2004; Takashima

et al. 2004). Recent studies found that in an apparent

response to the lack of natural enemies, invasive

Ageratina adenophora (Syn. Eupatorium adenophorum)

has evolved increased N allocation to photosynthesis and

decreased allocation to cell walls (defense), contrib-

uting to increased photosynthesis (Feng et al. 2009,

2011). Similar results were also found in invasive

Spartina alterniflora under nitrogen-poor treatment

(Qing et al. 2012). However, this tradeoff for N

allocation was not found in two recent studies of non-

invasive plant species (Harrison et al. 2009; Hikosaka

and Shigeno 2009).

Besides photosynthesis (energy input), the effi-

ciency of energy expenditure on biomass production

(measured by biomass construction cost; CC) also

influences plant growth and reproduction, and there-

fore invasiveness of introduced plants (Feng et al.

2011). Increased photosynthesis may not lead to

increased growth if it is achieved by disproportion-

ately high CC. Comparable or even lower photosyn-

thesis (Daehler 2003) and comparable or even higher

CC (Baruch and Goldstein 1999; Feng 2008; Feng

et al. 2007; Lei et al. 2012) have also been documented

for some invasive species relative to co-occurring

natives. Plants may benefit from high photosynthesis

per unit leaf CC, i.e. high photosynthetic energy-use

efficiency (PEUE). However, little effort has been

made to compare the differences in PEUE between

invasive and native plants (but see Song et al. 2009;

Osunkoya et al. 2010; Lei et al. 2012).

In addition, extending growing periods by early

budding and/or late leaf shedding can also increase

biomass accumulation and competitive ability. A

prolonged growing season has been reported for

several invasive species relative to co-occurring

natives (Xu et al. 2007; Fridley 2012). Thus, it is

important to study the relative role of the ability to

capture and use resources efficiently and the ability to

use resources when they are unavailable to natives in

increasing biomass accumulation of invasive plants.

To elucidate the traits contributing to success of

noxious invasive E. adenophorum, we compared a

suite of traits between this species and its co-occurring

native congener Eupatorium japonicum for 2 years

under eight treatment combinations of two irradiances

and four N additions in a shadehouse experiment. Such

phylogenetic comparisons can shed more light on

biological invasions because of more closely shared

traits and resource requirements than unrelated plants

(Daehler 2003). It is well known that alien plant

invasions are environment-dependent and that increas-

ing resource availability generally facilitates alien
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plant invasions (Davis et al. 2000; Daehler 2003). We

tested the hypotheses that invasive E. adenophorum

(1) allocates a higher fraction of leaf N to photosyn-

thesis at the expense of cell walls; (2) has higher light-

saturated photosynthetic rate (Pmax), PNUE, and

PPUE; and (3) shows a quicker-return energy-use

strategy at leaf level, i.e. a higher PEUE. We also

evaluated whether phenological differences between

E. adenophorum and E. japonicum play a role in the

invasiveness of E. adenophorum.

Materials and methods

Species and treatments

This study was conducted in a shadehouse located in

Qujing (25�3101900 N, 103�4405000 E, 1,880 m above

sea level), Yunnan Province, southwest China. Here,

the mean annual temperature is 14.5 �C and the

average annual precipitation is 1,200 mm.

Eupatorium adenophorum is native to Mexico and

Central America but a noxious invasive plant through-

out the rest of the subtropics (Feng et al. 2011). It

spread into Yunnan Province, in southwestern China,

from Burma and Vietnam in the 1940s. Now it occurs

in seven provinces of southwest China. It invades

disturbed habitats including roadsides, abandoned

fields, and disturbed pastures and forests, replacing

native plant species. Eupatorium japonicum, native to

many provinces in China, occurs in many habitats

including understory and edge of forests, shrubs, and

grasslands. It can be outcompeted by E. adenophorum

in fields (personal observation). Both the invasive and

native species are 1–2 m tall perennial forbs.

Seeds of the two species were collected in a secondary

forest (25�05044900N, 102�49050100E, 2,200 m above sea

level) around Kunming, Yunnan Province, southwest

China. For each species, seeds were collected from a

minimum of ten individuals and mixed. The seeds of

the invader were collected in one site because growth

and reproduction traits are not significantly different

for E. adenophorum plants grown from seeds collected

from different populations (Zhao et al. 2009). In July

2007, the seeds were sown in a seedbed in a shadehouse

with two layers of black nylon shade netting. In

September 2007, when the seedlings were *5 cm tall,

similar-sized seedlings were transplanted singly into

23 dm3 pottery pots, which were filled with forest top

soil and river sand (7:3, v:v). In order to provide a

natural supply of macro- and micro-nutrients, the forest

top soil was collected in a location where neither E.

adenophorum nor E. japonicum was found. The river

sand was collected in a clean river and screened two

times to remove big and fine granules in order to

improve soil drainage and facilitate harvest of plant

roots. Thus, the growth substrate may not cause biased

results. The pH value of the substrate was 5.96, and the

contents of organic matter, total N, total phosphorus,

total potassium, total calcium, active N, and active

phosphorus were 5.07 g kg-1, 0.23 g kg-1, 0.38 g

kg-1, 6.30 g kg-1, 7.08 g kg-1, 17.8 mg kg-1, and

1.81 mg kg-1, respectively. After 2 weeks of growth in

the shadehouse (36 % irradiance), half of the seedlings

of each species were moved to full sunshine (100 %

irradiance). Eupatorium adenophorum can invade hab-

itats with irradiance from partial shade to full sunshine

(Zheng et al. 2009). It often forms dense monocultures

in open sites.

The shadehouse (56.0, 4.0, and 2.7 m in length,

width, and height, respectively) was built using

0.25 9 4.00 cm2 angle irons. The relative irradiance

in the shadehouse was estimated by comparing the

integrated photosynthetic photon flux density in it

during a clear day with that in an open site. Quantum

sensors and HOBO weather station (Onset Computer

Corporation, Bourne, USA) were used to measure

photosynthetic photon flux density. The lower 20 cm

of the shadehouse remained open to facilitate airflow

and to reduce the potential effects of other environ-

mental factors except irradiance.

In May 2008, seedlings of each species grown at

each irradiance were randomly divided into four

groups, 40 seedlings per group, and were fertilized

with NH4NO3 of 0.0, 0.2, 0.4, and 0.8 g N kg-1 soil,

respectively. NH4NO3 was applied three times at

10-day intervals. Total and active N contents were

lower in the growth substrate used in this experiment

than that used by Wang and Feng (2005). Thus, the

highest N addition (0.8 g kg-1) was included in this

study. In addition, N was applied again at the same

rates in May 2009. The seedlings grown at each

irradiance were assigned to 40 rows, 8 seedlings per

row (2 species 9 4 N additions), and the seedlings in

each row were randomly arranged. Seedlings were

watered daily with drip-irrigation systems. Weeds

were pulled out when necessary and no pesticides

were used during the experiment.
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Measurements of ecophysiological traits

In September 2009, photosynthetic response to inter-

cellular CO2 concentration was determined for the

youngest fully expanded leaf of each sample plant (3–5

replicates for each species and treatment) using a Li-

6400 Portable Photosynthesis System (Li-Cor, Lincoln,

NE). Under 1,500 lmol m-2 s-1 irradiance ([saturat-

ing photosynthetic photon flux density of each sample

plant), gas exchange variables were recorded after 200 s

at each of 380, 300, 260, 220, 180, 140, 110, 80, and

50 lmol mol-1 CO2 in the reference chamber. Relative

humidity of the air in leaf chamber was controlled at

&50 %, and leaf temperature at 25 �C. Light-saturated

photosynthetic rate (Pmax), stomatal conductance, and

intercellular CO2 concentration presented in this study

were the values measured at 380 lmol mol-1 CO2 and

1,500 lmol m-2 s-1 irradiance. Light- and CO2-satu-

rated photosynthetic rate was detected after 500 s under

1,500 lmol m-2 s-1 irradiance and 1,500 lmol mol-1

CO2. The measurements were done during 8:00–11:00,

when the maximum photosynthesis can be measured.

Before the measurements, each sample leaf was illumi-

nated with saturating irradiance provided by the LED

light source of the equipment to achieve full photosyn-

thetic induction.

Three to eight fully expanded leaves were collected

from the plants on which photosynthesis was measured,

and oven-dried at 60 �C for 48 h after area was

determined using a Li-3000C Portable Leaf Area Meter

(Li-Cor, Lincoln, NE). Specific leaf area (SLA) was

calculated as the ratio of leaf area to mass, which was

used to transform area-based variables (stomatal con-

ductance and Pmax) to mass-based variables in this

study. Leaf N and carbon concentrations were measured

using a Vario MAX CN Element analyzer (Elementar

Analysensysteme GmbH, Hanau, Germany); leaf phos-

phorus concentration (PL) was measured using an

inductively coupled plasma atomic emission spectrom-

eter (IRIS Advantage-ER, Thermo Jarrell Ash Corpo-

ration, MA, USA). Leaf chlorophyll was extracted with

80 % acetone and determined using a spectrophotom-

eter (Lichtenthaler and Wellburn 1983).

With measured values of photosynthesis, chloro-

phyll concentration, and NL, the fraction of leaf N

allocated to photosynthesis and N concentration in the

photosynthetic apparatus were calculated after Feng

et al. (2007). Photosynthetic N- and P-use efficiencies

were calculated as the ratios of Pmax to NL and PL,

respectively.

Three to five fully expanded leaves were collected

from three plants per species per treatment on which

photosynthesis was measured, immediately put into a

liquid N container after leaf area determination, and

were then transported to laboratory for measurements

of Rubisco and cell walls. The frozen leaves were

powdered in liquid N, suspended in sodium phosphate

buffer (pH 7.5), and were centrifuged at 15,0009g for

5 min (Eppendorf AG 5424, Hamburg, Germany).

The supernatant and deposit were used to measure N in

Rubisco and cell walls, respectively. Rubisco concen-

tration was measured using enzyme-linked immuno-

sorbent assay (Catt and Millard 1988). Anti-Rubisco

(RbcL from chicken; R4404, Sigma) and HRP-conju-

gated goat anti-chicken serum (C1036, Sigma) were

used as the primary and secondary antibodies, respec-

tively, and A405 was determined with a microplate

reader (Bio-Rad 550, Bio-Rad Laboratories Inc,

Hercules, USA). Nitrogen in Rubisco was calculated

with the conversion coefficient of 0.16 g N g-1 Ru-

bisco (mean N content of proteins; Feng et al. 2009).

Cell walls in the deposit were washed with strong

solvents (SDS and KOH) (Onoda et al. 2004) and

centrifuged, and the deposit was weighed after drying

and N concentration in cell walls was measured using

a Vario MAX CN Element analyzer. Fraction of leaf

mass in cell walls was calculated as the ratio of cell

wall mass to leaf mass. Fractions of leaf N allocated to

Rubisco and cell walls were calculated as the ratios of

N concentration in Rubisco and N concentration in cell

walls to NL, respectively.

Five fully expanded leaves were collected from five

plants per species per treatment, and oven-dried at 60 �C

for 48 h. The heat of combustion (HC) of the leaves was

determined using a Sundy Microbomb Calorimeter

(SDCM-IIIa, Changsha Sundy Industrial Co., Ltd.,

Changsha, China). The calorimeter was calibrated with

a benzoic acid standard of known caloric value before

measurements. Powdered leaves were burned in a muffle

furnace at 550 �C for 4 h to determine ash concentra-

tion (Ash). Leaf CC (g glucose g-1) was calculated

as CC = ((0.06968 9 HC - 0.065) 9 (1 - Ash) ?

7.5 9 (k 9 NL/14.0067)) 9 (1/EG), where k is the

oxidation state of the N absorbed and EG is the growth

efficiency (0.89; Williams et al. 1987). In this study,

k = ?5 as nitrate is the principal N source for high
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plants (Taiz and Zeiger 1991). PEUE was calculated

as the ratio of Pmax to CC.

After the measurements mentioned above, ten

individuals (including roots) per species per treatment

were harvested, oven-dried at 60 �C for 48 h, and

weighed.

Leaf phenology

From March 2008 to March 2009, leaf phenology was

observed weekly for E. adenophorum and its native

congener grown in 0 and 0.4 g N additions kg-1 soil

under 36 % irradiance. Attention was paid to the

patterns of leaf emergence and shedding. To measure

leaf lifespan, more than 270 newly emerged leaves

(5–8 leaves per plant) were labeled in summer, and

were observed weekly until death (90 % of leaf area

became brown). Total leaf area was measured monthly

on four individuals per species per each of the two

treatments in situ (but not in April, June, and

November) using a Li-3000C Portable Leaf Area

Meter. To evaluate the physiological function of the

leaves persistent in winter, Pmax was measured on four

individuals of the invader in the months when native

E. japonicum had no living leaves. To understand how

biomass of the invader was affected by its ability to

capture resources not available to native E. japonicum,

eight individuals (including roots) from each of the

two N additions were harvested for the invader on

October 22, 2008 (E. japonicum began to senesce) and

March 15, 2009 (E. japonicum began to grow leaves),

respectively, oven-dried at 60 �C for 48 h, and

weighed.

Statistical analyses

Effects of species, irradiance, N addition, and their

interactions on the ecophysiological variables measured

in this study were tested using three-way ANOVAs, with

species (n = 2), irradiances (n = 2), and N additions

(n = 4) as fixed factors. The differences in the variables

among N additions for the same species grown at the

same irradiance, the differences in total leaf area

measured in each month among N additions and species,

and the differences in total biomass measured in October

2008 and March 2009 among N additions and months

were tested using one-way ANOVAs. Sequential Bon-

ferroni correction for multiple comparisons was not

conducted to reduce experiment-wide type I error to 0.05;

it may increase the probability of type II error (Moran

2003). Duncan’s new multiple range test was used in

multiple comparisons and all P values were presented.

The differences in the variables between irradiances for

the same species grown at the same N addition, the

differences in the variables between the invasive and

native species grown under the same irradiance and N

addition, and the differences in Pmax measured for E.

adenophorum when E. japonicum was leafless between N

additions were tested using independent samples t test.

One-way ANCOVAs were used to determine the differ-

ences between the invasive and native species in the

correlation between each pair of the variables shown in

Table 2; species was used as a fixed factor, and dependent

and independent variables in each equation were used as

dependent variable and covariate, respectively. If the

difference was significant, we then tested for significance

of linear Pearson correlations (two-tailed) for invasive

and native species separately; otherwise, we pooled data

from the two species to test for the significance of the

correlations. Homogeneity of variances was tested before

analyses, and data were transformed to meet the

assumption of ANOVA if homogeneity of variances

was not equality. All the analyses were carried out using

SPSS 13.0 (SPSS Inc., Chicago, IL).

Results

According to the results of three-way ANOVAs, all 17

traits measured in September 2009 were significantly

influenced by species, 14 traits by irradiance (i.e.

plastic to irradiance), and 10 traits by N (i.e. plastic to

N; Table S1). The effects of irradiance were much

higher than those of N. Below we compared the

differences between the invasive and native species.

Ecophysiological traits

Leaf N concentration was not significantly different

between invasive E. adenophorum and native E.

japonicum under all eight treatment combinations of

two irradiances and four N additions (all P [ 0.05)

except 0.0 g N addition kg-1 soil of 36 % irradiance,

in which the invader demonstrated lower NL

(P \ 0.05; Table 1). However, the invader had a

higher fraction of leaf N allocated to photosynthesis

than E. japonicum in all treatments (P \ 0.05), while

the fraction of leaf N allocated to cell walls was not

Plant Ecol (2013) 214:857–868 861

123



significantly different between the two species

(P [ 0.05; Table 1). The fraction of leaf N allocated

to Rubisco was also higher for the invader than for E.

japonicum, although the differences were not signif-

icant in some treatments. The invader showed a higher

N concentration in the photosynthetic apparatus than

E. japonicum in all treatments (P \ 0.05; Table 1).

Compared with E. japonicum, invasive E. adeno-

phorum had significantly higher Pmax, stomatal con-

ductance (with three exceptions), PNUE, PPUE (with

one exception), and PEUE in all treatments (all

P \ 0.05; Table 1). The invader had higher CC than

E. japonicum at 36 % irradiance (P \ 0.05) but not at

100 % irradiance (except in 0.8 g N addition kg-1

soil; P = 0.0058).

Invasive E. adenophorum had significantly higher

SLA in most treatments (with two exceptions;

Table 1). The fraction of leaf mass in cell walls was

lower for the invader in all treatments (with one

exception). At 100 % irradiance, the invader had

lower PL (with one exception) and higher N to P ratio

(P \ 0.05). These trends remained at 36 % irradiance,

but the differences were not significant except for N to

P ratio in 0.8 g N addition kg-1 soil (P = 0.0002;

Table 1).

Similarly, higher Pmax, PNUE, PEUE, stomatal

conductance, CC, and SLA, and similar NL were also

measured for E. adenophorum compared with E.

japonicum in September, 2008 (Table S2).

Light-saturated photosynthetic rate increased sig-

nificantly with increasing the fraction of leaf N

allocated to photosynthesis, N concentration in the

photosynthetic apparatus, and stomatal conductance

(all P \ 0.05; Table 2). Photosynthetic N-use effi-

ciency, PPUE, and PEUE increased significantly with

increasing Pmax. With increasing PL, PPUE decreased,

and with increasing N to P ratio, PPUE increased

significantly at 100 % irradiance but not at 36 %

irradiance.

Leaf phenology

Native E. japonicum initiated leaf growth in early

April 2008, shed almost all leaves in early November,

and began to bud in late March 2009. It had no

functional leaves in the winter (roughly 5 months).

The invader maintained green throughout the entire

year, although it shed many leaves in March and April

(during seed maturity). In the growing season of

E. japonicum (April–October), total leaf area was

higher for the invader than for its native congener

(P \ 0.05; Fig. 1). Total leaf area of the invader did

not decrease significantly in the months in which E.

japonicum was leafless (November–March), and the

leaves persistent and green in winter had relatively

high Pmax (Fig. 2). Leaf lifespan was significantly

longer (P \ 0.001) for the invader (118.24 ± 2.926,

n = 150) than for E. japonicum (90.03 ± 4.033,

n = 117). Nitrogen addition did not significantly

influence leaf lifespan.

Total biomass of the invader was significantly

higher on March 15, 2009 (when E. japonicum began

to grow) than on October 22, 2008 (when E. japon-

icum began to senesce; Fig. 3). The biomass accumu-

lated during the period when E. japonicum did not

grow accounted for 42.7 and 41.8 % of total biomass

of the invader in 0.0 and 0.4 g N additions kg-1 soil,

respectively. The invader was much higher in total

biomass than E. japonicum at the end of the study

(September 2009; Table 1).

Discussion

Many studies attribute invasion success of alien

species to their growth advantages over co-occurring

natives (Zheng et al. 2009; Dawson et al. 2011;

Lamarque et al. 2011). However, few studies have

explored the potential mechanisms underlying the

growth advantages of invasive plants. Here we found

that both physiological advantages and prolonged

growth season contributed to the growth advantage of

E. adenophorum over its native congener under all

eight treatment combinations of two irradiances and

four N additions in a two-year shadehouse experiment.

Physiological advantages of the invader

Invasive E. adenophorum achieved significantly

higher Pmax with similar or even lower NL compared

with its native congener under all eight treatment

combinations of two irradiances and four N additions,

inconsistent with the positive correlation between

photosynthetic rate and NL (Reich et al. 1997). The

higher Pmax of the invader was associated with its

higher N concentration in the photosynthetic appara-

tus (Table 2), which was caused by its higher N

allocation to photosynthesis including Rubisco. The
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higher Pmax of the invader contributed to higher daily

net CO2 assimilation, which combined with higher

total leaf area led to higher total biomass.

The higher N allocation to photosynthesis may be

associated with the fact that the invader suffers less

herbivory than its native congener (Fig. S1; Zheng

et al. 2012). In response to enemy release, E.

adenophorum appears to have evolved increased N

allocation to photosynthesis and decreased allocation

to defense (Feng et al. 2009). However, the tradeoffs

for N allocation to photosynthesis versus cell walls

may not explain the invader’s higher fraction of leaf N

in photosynthesis because the fraction of leaf N in cell

walls was not significantly different between the

invader and its native congener. Interspecific differ-

ences in N allocated to N-based defensive compounds

such as alkaloids and cyanogenic glycosides may be

likely to explain the invader’s higher fraction of leaf N

allocated to photosynthesis. In some eucalypts, cya-

nogenic glycosides account for more than 10 % of leaf

N and accumulation of these chemicals reduces net

assimilation rates (Goodger et al. 2006).

A positive correlation between Pmax and SLA has

been documented in many studies (Reich et al. 1997;

Feng et al. 2007). Thus, the higher SLA of E.

adenophorum relative to native E. japonicum may

also contribute to its higher Pmax. A negative corre-

lation between SLA and the fraction of leaf mass in

cell walls (P \ 0.001; data not shown) indicated that

the higher SLA of the invader may derive from a lower

fraction of leaf mass in cell walls. These two traits are

associated with leaf density and toughness, and

therefore are important measures of plant defenses

(Wright and Cannon 2001; Kurokawa and Nak-

ashizuka 2008).

Unlike the higher PNUE in E. adenophorum

compared with its native congener, which was due to

its higher Pmax, both the higher Pmax and the lower PL

contributed to its higher PPUE (Table 2). The negative

correlation between PPUE and PL indicated that PL is

higher than the optimum concentration, below which a

positive correlation between PPUE and PL is

expected. The positive correlation between PPUE

and N to P ratio indicated that N is the limiting factor

for photosynthesis, providing further evidence that the

invader benefited from increasing N allocation to

photosynthesis. In this study, PL was indeed higher

and N to P ratio is lower than those of 753 native
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respectively; Han et al. 2005). Similarly, Kurokawa

et al. (2010) also found positive correlation between

invasiveness and leaf N to P ratio.

Contrary to our prediction, invasive E. adenopho-

rum had higher CC than native E. japonicum, espe-

cially at low irradiance, which was associated with its

higher HC and carbon concentration (Table 1). Higher

CC was also documented for invasive species of the

Poaceae family relative to natives (Baruch and

Goldstein 1999), while most related studies found

lower CC for invasive species (Nagel and Griffin

2001; Daehler 2003; Song et al. 2009; Osunkoya et al.

2010). However, the higher CC of the invader did not

decrease its benefit–cost ratio; instead it showed

higher PEUE (Table 1). Leaves can maximize lifetime

net carbon gain by increasing lifespan and/or PEUE.

The results indicated that E. adenophorum was located

at the fast-return end of leaf economics spectrum,

showing a quicker-return energy-use strategy despite

higher CC. This energy-use strategy of the invader was

apparently associated with its higher Pmax. Higher

PEUE was also found for other invasive species

compared with co-occurring natives (Song et al. 2009;

Funk and Vitousek 2007; Feng et al. 2011).

Table 2 Correlations between each pair of the traits

Irradiance Intercept and

slope

36 % 100 %

a b r P a b r P

Pmax = a ? b 9 Nphotosynth

Invasive species 0.065 0.013 0.653 0.003

Native species 0.076 0.009 0.677 0.016

Invasive and native species 0.010 0.014 0.896 \0.001

Pmax = a ? b 9 Nphotosynth/NL

Invasive and native species 0.005 0.320 0.895 0.009 0.029 0.212 0.890 \0.001

Pmax = a ? b 9 Gs

Invasive species 0.227 0.011 0.599 0.005 0.137 0.016 0.748 \0.001

Native species 0.116 0.022 0.604 0.010 0.053 0.036 0.828 \0.001

PNUE = a ? b 9 Pmax

Invasive and native species -1.912 55.78 0.959 \0.001 -0.550 61.12 0.904 \0.001

PEUE = a ? b 9 Pmax

Invasive species -0.011 0.718 0.779 \0.001

Native species 0.013 0.682 0.988 \0.001

Invasive and native species 0.007 0.673 0.992 \0.001

PPUE = a ? b 9 Pmax

Invasive species 164.8 42.21 0.044 0.862 -39.23 917.6 0.916 \0.001

Native species 37.28 361.1 0.501 0.081 17.23 375.1 0.798 0.002

PPUE = a ? b 9 PL

Invasive species 273.3 -58.75 0.732 \0.001 349.4 -147.0 0.792 \0.001

Native species 167.7 -34.36 0.717 0.006 88.87 -10.88 0.227 0.457

PPUE = a ? b 9 N to P ratio

Invasive species 199.1 -1.558 0.152 0.561

Native species 104.9 -0.183 0.018 0.953

Invasive and native species -41.67 15.31 0.864 0.006

Linear Pearson correlations (two-tailed) for invasive and native species were given separately if the difference in the correlation

between species was significant according to ANCOVA; otherwise, the correlation for the pooled data from both species was given

Gs (mol g-1 s-1) stomatal conductance; Nphotosynth (mg g-1) nitrogen concentration in the photosynthetic apparatus; Nphotosynth/NL

(g g-1) fraction of leaf nitrogen allocated to photosynthesis; PL (mg g-1) leaf phosphorus concentration; Pmax (lmol g-1 s-1) light-

saturated photosynthetic rate; PEUE (lmol g-1 s-1) photosynthetic energy-use efficiency; PNUE (lmol g-1 s-1) photosynthetic

nitrogen-use efficiency; PPUE (lmol g-1 s-1) photosynthetic phosphorus-use efficiency
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Prolonged growth season of the invader

In winter, when native E. japonicum was leafless, E.

adenophorum maintained a large area of living leaves,

which showed relatively high Pmax and achieved high

actual daily carbon gain (data not shown). The amount

of the carbon accumulated in winter contributed

greatly to total biomass for the invader (Fig. 3).

Prolonged growth season has been proposed to explain

the competitive advantages of other invasive species
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over co-occurring natives (Xu et al. 2007; Fridley

2012). In the temporal empty niche, invasive species

can capture a significant proportion of their annual

carbon gain. This trend was aggrandized by the

overwintering leaves of E. adenophorum, which

accumulated more than 40 % total biomass in this

period.

Schlesinger and Chabot (1977) hypothesized that

leaves with different lifespan may gain similar amount

of carbon over entire lifetime, which is consistent with

the fact that increasing leaf lifespan can maximize

lifetime net carbon gain per unit leaf mass but may

decrease mass-based Pmax (Reich et al. 1997). How-

ever, this was not the case for E. adenophorum. The

invader had both longer leaf lifespan and higher Pmax

than its native congener, resulting in much higher leaf

carbon gain over lifetime. The invader had longer leaf

lifespan and higher SLA than its native congener,

inconsistent with the general negative correlation

between SLA and leaf lifespan for plants from tropics

to tundra (Reich et al. 1997). Insects and pathogens are

likely to contribute to the shorter leaf lifespan of E.

japonicum (Fig. S1).

In conclusion, compared with native E. japonicum

invasive E. adenophorum had higher light-saturated

photosyntheticrate,PEUE,total leafarea,andlonger leaf

lifespan, contributing to carbon and energy gain at both

leaf and whole-plant levels, biomass accumulation, and

therefore invasiveness. Higher nitrogen allocation to

photosynthesis, SLA, and stomatal conductance of the

invadercontributedtoitshigherphotosynthesis,whichin

turn caused higher photosynthetic nitrogen-, phospho-

rus- and energy-use efficiencies. In winter when the

native congener was leafless (November–March), the

invader maintained a large area of leaves with active

photosynthesis, contributing to its growth advantage not

onlydirectlybyaccumulatingextrabiomassinwinterbut

also indirectly by shading its native congener in early

spring. The invader retained advantages over its native

congener under all eight treatment combinations of two

irradiances and four nitrogen additions, indicating that

decreasing irradiance and soil nitrogen availability may

not mitigate its invasion. Our study showed the potential

mechanisms underlying growth advantage of invasive

plant species.
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Pyšek P, Richardson DM (2007) Traits associated with inva-

siveness in alien plants: where do we stand?. Springer,

Berlin, Heidelberg

Qing H, Cai Y, Xiao Y, Yao Y-H, An S-Q (2012) Leaf nitrogen

partition between photosynthesis and structural defense in

invasive and native tall form Spartina alterniflora popu-

lations: effects of nitrogen treatments. Biol Invasions

14:2039–2048

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to

tundra: global convergence in plant functioning. Proc Natl

Acad Sci USA 94:13730–13734

Schlesinger WH, Chabot BF (1977) The use of water and

minerals by evergreen and deciduous shrubs in Okefenokee

Swamp. Bot Gaz 138:490–497

Song L-Y, Li C-H, Peng S-L (2009) Elevated CO2 increases

energy-use efficiency of invasive Wedelia trilobata over its

indigenous congener. Biol Invasions 12:1221–1230

Taiz L, Zeiger E (1991) Plant physiology. The Benjamin/

Cummings Publishing Co., Inc., Redwood City, CA

Takashima T, Hikosaka K, Hirose T (2004) Photosynthesis or

persistence: nitrogen allocation in leaves of evergreen and

deciduous Quercus species. Plant Cell Environ 27:1047–1054

Wang M-L, Feng Y-L (2005) Effects of soil nitrogen levels on

morphology, biomass allocation and photosynthesis in

Ageratina adenophora and Chromoleana odorata. Acta

Phytoecol Sin 29:697–705

Williams K, Percival F, Merino J, Mooney HA (1987) Estima-

tion of tissue construction cost from heat of combustion and

organic nitrogen-content. Plant Cell Environ 10:725–734

Wright IJ, Cannon K (2001) Relationships between leaf lifespan

and structural defences in a low-nutrient, sclerophyll flora.

Funct Ecol 15:351–359

Xu H, Ding H, Li M, Qiang S, Guo J, Han Z, Huang Z, Sun H, He S,

Wu H (2006) The distribution and economic losses of alien

species invasion to China. Biol Invasions 8:1495–1500

Xu C-Y, Griffin KL, Schuster WS (2007) Leaf phenology and

seasonal variation of photosynthesis of invasive Berberis
thunbergii (Japanese barberry) and two co-occurring native

understory shrubs in a northeastern United States decidu-

ous forest. Oecologia 154:11–21

Zhao X-J, Liu W-Y, Zhou M, Ma W-Z (2009) Comparison of

growth and reproduction characters among different pop-

ulations of Eupatorium adenophorum in Yunnan. Acta Bot

Boreal-Occid Sin 29:1252–1258

Zheng Y-L, Feng Y-L, Liu W-X, Liao Z-Y (2009) Growth,

biomass allocation, morphology, and photosynthesis of

invasive Eupatorium adenophorum and its native cong-

eners grown at four irradiances. Plant Ecol 203:263–271

Zheng Y-L, Feng Y-L, Wang R-F, Shi X-D, Lei Y-B, Han L-H

(2012) Invasive Eupatorium adenophorum suffers lower

enemy impact on carbon assimilation than native congen-

ers. Ecol Res 27:867–872

868 Plant Ecol (2013) 214:857–868

123


	High resource capture and use efficiency and prolonged growth season contribute to invasiveness of Eupatorium adenophorum
	Abstract
	Introduction
	Materials and methods
	Species and treatments
	Measurements of ecophysiological traits
	Leaf phenology
	Statistical analyses

	Results
	Ecophysiological traits
	Leaf phenology

	Discussion
	Physiological advantages of the invader
	Prolonged growth season of the invader

	Acknowledgments
	References


